This study assesses the impact of two different remote sensing-derived leaf area index (RSLAI) datasets retrieved from the same source (i.e., Advanced Very High Resolution Radiometer measurements) on a general circulation model's (GCM) seasonal climate simulations as well as the mechanisms that lead to the improvement in simulations over several regions. Based on the analysis of these two RSLAI datasets for 17 yr from 1982 to 1998, their spatial distribution patterns and characteristics are discussed. Despite some disagreements in the RSLAI magnitudes and the temporal variability between these two datasets over some areas, their effects on the simulation of near-surface climate and the regions with significant impact are generally similar to each other. Major disagreements in the simulated climate appear in a few limited regions.
Introduction
During the last 3 decades, the role of land surface processes in controlling exchanges of energy, mass, and momentum between the land surface and atmosphere has been investigated by numerous studies through field measurements as well as numerical experiments (e.g., Sellers et al. 1988; Dickinson and HendersonSellers 1988; Xue and Shukla 1993; Betts et al. 1996; Xue et al. 2004 Xue et al. , 2006 ; among many others). These studies generally show that interactions between the atmosphere and terrestrial ecosystem play a significant role in climate variations that is as important as atmospheric dynamics and composition, ocean circulation, and solar orbit perturbations (Pielke et al. 1998) . In most biophysical land surface models, the leaf area index (LAI), defined as the one-sided green leaf area per unit ground area, is an important indicator of vegetation state because it affects the radiative transfer process within the canopy and evapotranspiration from the surface and consequently modulates near-surface climate and atmospheric circulations.
In this context, more than 2 decades of the Advanced Very High Resolution Radiometer (AVHRR) measurements have provided valuable information on vegetation properties such as Normalized Difference of Vegetation Index (NDVI), LAI derived from NDVI, and their long-term and interannual variations in association with climate variability (e.g., Myneni et al. 1998; Los et al. 2000) . In spite of several factors that may cause uncertainties in the retrieved vegetation properties (e.g., intersensor discontinuity, orbital drift, volcanic aerosols, clouds, and water vapor, etc.), it has been proposed that effects of climate change have been apparent in vegetation's phenology since the early 1980s, especially in mid-and high latitudes of the Northern Hemisphere. For example, Slayback et al. (2003) have found that significant long-term trends in NDVI can be identified among several datasets that differ in their approaches to correct for sensor calibration, orbital characteristics, and aerosols. Meanwhile, they also suggested that independent validation by comparison with other measurements is needed to help in identifying uncertainties in datasets.
Despite some qualitative agreement in terms of longterm trend and interannual variation of vegetation activity, there exist significant discrepancies in remote sensing-derived LAI (RSLAI) among datasets because of their different retrieval algorithms and atmospheric corrections even though measurements are from the same source. There have been a number of analytical studies to estimate uncertainties in the RSLAI and/or NDVI fields by conducting extensive error analysis (e.g., Los et al. 2000; Buermann et al. 2002) and by evaluating consistency between RSLAI and near-surface climatic variables such as sea surface temperature (SST), precipitation, and surface air temperature (e.g., Myneni et al. 1996; Los et al. 2000; Buermann et al. 2002; Lotsch et al. 2003) . In addition, efforts have been made to evaluate the quality of RSLAI values by direct comparison with field measurements (e.g., Los et al. 2000; Buermann et al. 2002) . This type of comparison, however, has usually been compromised to some degree because of the difference in spatial measurement scales.
To investigate the quality of global RSLAI datasets and the implications of their use in climate models, a number of numerical experiments have been conducted by using RSLAI estimates as a surface boundary condition of GCMs (e.g., Bounoua et al. 2000; Oleson and Bonan 2000; Buermann et al. 2001; Guillevic et al. 2002; van den Hurk et al. 2003; Tian et al. 2004a,b; Lawrence and Slingo 2004a,b) . All of these studies stressed the importance of the accurate designation of land surface parameters in a climate model for improvements of simulations. Up until now, these studies have focused on impacts of RSLAI on the simulated climate in terms of the overall difference pattern at global scale and/or some areas associated with the same vegetation types, as well as the annual cycle of continental and/or global averages (Buermann et al. 2001; Lawrence and Slingo 2004a; Tian et al. 2004b) . Another issue in RSLAI application is to estimate the impacts of uncertainties in RSLAI data in climate simulations. There have been several sensitivity experiments regarding this issue that investigate impacts of the potential uncertainties in the LAI dataset and its seasonality (Chase et al. 1996; van den Hurk et al. 2003) , the surface vegetation fraction (Oleson and Bonan 2000; Bounoua et al. 2000) , and the interannual variability of vegetation (Buermann et al. 2001; Guillevic et al. 2002) . These studies used a single RSLAI dataset and assumed somewhat extreme potential changes in surface vegetation to design their experiments. However, the response of the models to uncertainties associated with the currently existing RSLAI has not been addressed.
The purposes of this study are to investigate 1) the impact of two widely used RSLAI datasets retrieved from the same source (i.e., AVHRR measurements) on a GCM's seasonal climate simulation and 2) the mechanisms that lead to improvements in regional simulations from using RSLAI fields instead of prescribed values derived from ground surveys, which are generally extrapolated spatially according to vegetation-cover type. We believe these issues, which have not been addressed in previous studies, should be among the major issues in the forthcoming research on RSLAI data applications. The selected regions for regional analysis are East Asian, North American, and West African summer monsoon areas as well as boreal forests in North America, which have been identified as the regions sensitive to vegetation biophysical processes (VBPs; Xue et al. 2004) .
In this paper, section 2 describes the two RSLAI datasets used in this study. General patterns of seasonal mean RSLAI values for boreal spring and summer are also briefly explained in this section. GCM description and experimental design are presented in section 3. Section 4 discusses the results of GCM simulations, highlighting the impacts of uncertainties in RSLAI datasets and the mechanisms leading to improvements in the seasonal climate simulation over several regions by using RSLAI. Finally, concluding remarks are given in section 5.
RSLAI
a. Data sources II) has recently released a global data collection in order to support investigations of the global carbon, water, and energy cycles (see online at http://islscp2.sesda. com). Among the vegetation variables of ISLSCP II datasets, two sources of monthly NDVI datasets retrieved from the AVHRR measurements are available: one is the Fourier Adjusted, Sensor and Solar Zenith Angle Corrected, Interpolated, Reconstructed NDVI (FASIR-NDVI) for 17 yr from 1982 to 1998 and the other is the Global Inventory Monitoring and Modeling Studies dataset (GIMMS-NDVI) for 22 yr from 1981 to 2002 (Pinzon et al. 2005) . Based on each NDVI dataset, the LAI values were derived via two different algorithms by Los et al. (2000) and Myneni et al. (1997) , which produced FASIR-LAI and GIMMS/ Boston University LAI (GIMMSBU-LAI), respectively. The former, based on the work of Sellers et al. (1996) , used empirical relationships for deriving the Fraction of Photosynthesis Active Radiation (FPAR) from NDVI and LAI from FPAR, and the latter used a three-dimensional radiative transfer model with a vegetation map (Myneni et al. 1997) . The GIMMSBU dataset does not explicitly account for atmospheric constituents and cloud frequency while the FASIR dataset does . Therefore, despite the same source measurement from AVHRR, the final products of LAI estimates had substantial differences, which were mainly caused by different retrieval algorithms and atmospheric correction methods. Both RSLAI datasets used in this study were obtained at monthly temporal resolution and 1°ϫ 1°spatial resolution.
In addition, in order to preliminarily compare RSLAI values with field measurements, historical estimates of LAI from field sites archived at the Oak Ridge National Laboratory (ORNL), which is also in the ISLSCP II holding, are used. This is the only currently available globally ground-measured LAI dataset, which includes approximately 1000 published estimates of LAI from nearly 400 unique field sites, covering the period 1932-2000 (Scurlock et al. 2001) . In the ORNL's LAI compilation, the most commonly measured biome/ land cover types are needleleaf forests in the Northern Hemisphere. Measurements for a few managed forest (plantation) and grass sites are also included. Despite the difficulty in direct comparison because of the scale dependency, this LAI dataset provides a rough insight into the consistency between RSLAI values and field measurements.
b. General features of RSLAI fields and their uncertainty
The seasonal mean of FASIR-and GIMMSBU-LAI datasets for boreal spring [March-May (MAM) ; hereafter we will omit LAI-unit in this paper) is found in tropical rain forests along the equator such as in the Amazon basin, central Africa, and Indonesia, and in needleleaf forest regions in the West Coast of the United States (Fig. 1a) . Other dense vegetation areas are regions surrounding tropical rain forests in the South American and African continents, the southeastern United States, and southeastern Asia. In addition, there exist relatively low LAIs of about 1ϳ2 in boreal forests of the Northern Hemisphere. In spite of similar spatial patterns and magnitude of zonal mean distribution between FASIRand GIMMSBU-LAI values (Fig. 1d) , there are substantial differences at regional scales, especially in tropical and subtropical regions, which seem to be somewhat systematic according to vegetation type (Fig.  1b) . For instance, in the tropical rain forests of the Amazon and central Africa, the FASIR-LAI values are larger than GIMMSBU-LAI by about 1ϳ2, with a maximum more than 2.5 near the lower Amazon River. On the other hand, for the subtropical regions with short vegetation types such as savanna and grass in the northwest of the Amazon basin, north and south of central Africa, and Southeastern Asia, the FASIR-LAI values are smaller than GIMMSBU-LAI by about 1ϳ2. The zonal mean distribution of their LAI's standard deviation over 17 yr also shows large differences in tropical region and some midlatitude areas in both the Southern and Northern Hemisphere. Figure 1e indicates that FASIR-LAI exhibits larger interannual variations compared to those of the GIMMSBU dataset.
During the JJA period, which is the monsoon season in the Northern Hemisphere, the growth of vegetation is profound in boreal forests between 40°and 70°N in both datasets, so that the LAI values in this region become comparable to those in the Tropics (Figs. 2a,d ). The systematic discrepancies that appeared in tropical and subtropical areas between two datasets during MAM are still apparent in JJA. The most substantial disagreements between FASIR and GIMMSBU datasets in JJA are found in boreal forests of the North America and Eurasia continents, where the FASIR-LAI values are larger than those of GIMMSBU-LAI by 1ϳ2 (Fig. 2b) . These amounts correspond to about a 25% difference in terms of zonal averages (Fig. 2d) . It is worth noting that the LAI values during JJA in the tropical evergreen rain forests of central Africa have been decreased dramatically compared to spring, which seems to be one of the features in the FASIR-LAI dataset (see Figs. 1a, 2a) . The differences of standard deviation between two datasets become much more substantial than in MAM, especially in the Northern Hemisphere between 30°and 70°N (Fig. 2e) . These discrepancies as well as differences in long-term trends are associated with differences in retrieval algorithms as 
996
well as atmospheric corrections (e.g., Gutman 1999; Slayback et al. 2003) .
Direct comparison of satellite-retrieved vegetation properties with the field-measured values is difficult because of uncertainties caused by spatial-and temporalscale dependencies between datasets Tian et al. 2003) . For example, Tian et al. (2003) have shown that LAI retrieval errors are strongly dependent on the spatial resolution due to the effect of pixel heterogeneity, which is shown to increase as the resolution of data decreases. Nevertheless, a few efforts for direct comparison have been made to provide rough insight as to the quality of the retrieved values (e.g., Los et al. 2000; Buermann et al. 2002) . In this context, we also compare FASIR-and GIMMSBU-LAI values with the historical measurements archived by ORNL for 14 available sites (Table 1) . Because large errors are expected for evergreen trees over snow-covered regions Tian et al. 2004a,b) Table 1 confirms that FASIR-LAI values are consistently larger than those of GIMMSBU except for the site of Alachua. This is consistent with the analyses of Buermann et al. (2002) , who attributed the larger LAI values in FASIR datasets to the larger FASIR-NDVI values induced by differences in the temporal compositing method and the inappropriate application of NDVI-LAI relational parameters of Los et al. (2000) , which should be dependent on spatial scales. Based on their comparison of 1°aggre-gated GIMMSBU-and FASIR-LAI datasets with the measurements at 4 field campaign sites, Buermann et al. (2002) stressed the superiority in the GIMMSBU-LAI dataset. However, through the comparison with ORNL archives in this study, it is hard to determine which of these two RSLAI datasets is consistently superior to the other. For example, for the boreal forest areas north of 45°N in North America, the LAI values of GIMMSBU are closer to field measurement but the reverse is true for the south of 45°N and a few European sites. Because of the scale discrepancy between field measurements and RSLAI, we should not expect these two datasets to have the exact same LAI value over the same area. Nevertheless, the ORNL archives, as the first and only available globally measured LAI dataset, provides valuable and preliminary information regarding the RSLAI quality. More comprehensive methods and field measurements are necessary to further evaluate the satellite products.
Model descriptions and experimental design
To assess the impacts of RSLAI on seasonal climate, the National Centers for Environmental Prediction's (NCEP) GCM (Kalnay et al. 1990; Kanamitsu et al. 2002) coupled with the SSiBv1 (Xue et al. 1991 ) is used. A parameter set for each of the vegetation types is derived from a variety of sources (Dorman and Sellers 1989; Willmott and Klink 1986; Xue et al. 1996) , many of which are invariant with season. Seasonally varying monthly values of some vegetation properties, such as LAI, green leaf fraction, and surface roughness length, are prescribed for most vegetation types or calculated in the model for the crop type without considering interannual variation (Xue et al. 1996) .
In this study, the NCEP GCM/SSiBv1 is used with 28 vertical levels and T62 (ϳ2°) horizontal resolution. The simulations consist of 3 experiments using 3 different LAI datasets, and the simulation period of each experiment is 20 months starting on 1 January and ending on 31 August of the next year for 3 El Niño (1982 /83, 1987 /88, 1997 /98) and 3 La Niña (1984 /85, 1988 /89, 1995 cases, which include many climate anomaly events in some continents. The control experiment uses the LAI values from the lookup table that has usually been prescribed according to vegetation types of the SSiBv1 (Dorman and Sellers 1989; Xue et al. 1996 ; hereafter referred to as the TABLE experiment). The other 2 experiments used FASIR and GIMMSBU RSLAI datasets for the 6 specific cases after interpolation from 1°resolution to model grids, which are referred to as the FASIR and GIMMS experiments, respectively. Because the FASIR dataset also provides other surface properties, such as vegetation cover fraction (VCF), green leaf fraction, surface roughness length, and zero-plane displacement height, we also use them for the GCM's surface boundary condition in both the FASIR and GIMMS experiments in order to To evaluate the simulation results, the observed monthly surface air temperature (SAT) and precipitation data are used. The SAT used in this study was aggregated from the 0.5°analyses of daily maximum and minimum temperature from the Global Telecommunicating System (GTS) archived at the Climate Prediction Center (CPC) of NCEP. The GTS-based global land temperature analyses used the same algorithm developed for precipitation interpolation as in Xie et al. (1996) . The observed precipitation was obtained from the CPC Merged and Analyzed Precipitation (CMAP) with 2.5°spatial resolution (Xie and Arkin 1997) .
Simulation results

a. GCM response to RSLAI uncertainties
A number of studies have been published that investigated the GCM response to RSLAI uncertainty by assigning a possible LAI error range in the GCM simulation (e.g., Chase et al. 1996; Buermann et al. 2001; van den Hurk et al. 2003) . In this study, we investigate this issue through the comparison between the FASIR and GIMMS experiments. We present results of the nearsurface climate and energy budget analysis from these two experiments in this section. Figure 3 shows the spatial patterns of latent heat flux, SAT at canopy space, and precipitation differences between the FASIR and GIMMS experiments (GIMMS minus FASIR) during JJA2. The reduction of latent heat flux in JJA2 is evident in most parts of high latitudes of the Northern Hemisphere, including the boreal forests of North America, central Europe, and northeastern Asia (Fig.  3a) . In contrast, in central Africa, Southeastern Asia, and the northern edge of Russia (tundra lands), the latent heat flux is increased. These variation patterns in latent heat flux correspond well to the LAI difference shown in Fig. 2b . The changes of sensible heat fluxes exhibit similar patterns to those of latent heat fluxes except of opposite sign (not shown). The changes in the latent and sensible heat fluxes indicate the importance of VBP in partitioning surface available energy into surface heat fluxes, especially for the forests (vegetation types 2, 3, 4, and 5; see Table 2 for definition) in the mid-and high latitudes of the Northern Hemisphere (Fig. 3a) . In these regions, the percent change of forest LAI difference ranges about 12%ϳ25% and its impact on surface climate is relatively larger than for other vegetation types and other regions (Table 2 ). There are several regions in which the response of the surface heat flux does not correspond directly to LAI changes such as the central United States (crops), western Europe (crops-grass), and northeast of the Caspian Sea (grass-shrubs). These features seem to be caused by complex nonlinearity in VBP with respect to LAI, especially for short vegetation types as discussed in Bounoua et al. (2000) and Buermann et al. (2001) .
Except for the changes of SAT at the northern edge of Russia, the spatial patterns of differences in SAT and precipitation (Figs. 3b, c) generally correspond well to changes in LAI and surface heat fluxes. That is, the smaller LAI values in the GIMMS experiment produce slightly warmer temperature north of 30°N because of the decrease of latent heat flux, and larger LAI values produce cooler temperature in central Africa and Southeastern Asia (Fig. 3b) . However, the changes in surface heat fluxes between the GIMMS and FASIR experiments are not sufficient to produce statistically significant changes in the simulated precipitation and temperature. For instance, the regions with statistically significant differences in SAT are limited only for a few spots in North America, central Africa, and Eurasia. The differences in spatial distribution of precipitation are more sporadic (Fig. 3c) , with even less significant features compared to the SAT. Table 2 summarizes the impact of the LAI difference between the FASIR and GIMMSBU datasets on the simulated surface climate variables according to SSiBv1 vegetation-cover types in the Northern Hemisphere. On average for all vegetation types, the LAI values from GIMMSBU data are smaller than FASIR by more than about 11%; however, the impacts of these differences on most surface climate variables are less than 1.5% except for the relatively large percent change in surface temperature of about 4.4% between the FASIR and GIMMS experiments, which is mainly attributed to dwarf trees with ground cover (type 10). Generally, the surface albedo is lower over the denser vegetated surface. In this study, however, changes in surface albedo are neither consistent nor significant to the changes in LAI, which is similar to the results of Buermann et al. (2001) . On average, an 11% reduction of LAI in the GIMMS experiment brings a 1% decrease in surface albedo, which is mainly attributed to the short vegetation-type surface mainly in the cold region. In particular, LAI differences between the two datasets have almost no impact on the simulated net radiation because the surface albedo is hardly changed by the differences of LAI value alone in the growing season unless there is substantial change in VCF (Buermann et al. 2001) .
In general, the changes of surface heat fluxes due to the LAI differences in two RSLAI datasets (reflecting LAI uncertainties) do not cause significant differences in surface temperature and precipitation for most vegetation types. The significant impacts of the LAI differences are only limited in a few regions for surface temperature and even fewer regions in Eurasia for precipitation. By and large, despite the globalwide significant differences between FASIR-and GIMMSBU-LAI values (see Fig. 2b and Table 2 ), simulated surface climate patterns from the two experiments generally look consistent and the difference in magnitude is still limited over only a few areas. Similar conclusions were reported by Guillevic et al. (2002) for uncertainty in LAI interannual variability. We will further discuss this issue in section 5.
b. Impacts of the RSLAI on seasonal climate
Xue et al. 's studies (2004, 2006) indicate that the VBP has the most significant impact over the monsoon regions and some of the large continental areas. In this section, we focus on the impact of using RSLAI data on the GCM-simulated climate and on the underlying mechanisms in East Asia, North America, and West Africa, where the major monsoon systems exist during the boreal summer season.
1) GENERAL STATISTICS AND SIGNIFICANCE
The most substantial differences between the RSLAI and TABLE-LAI datasets during summer appear in the East Asia Monsoon (EAM) and boreal forests of North America where the RSLAI value is significantly smaller (up to more than 4) than that of TABLE-LAI (see Fig. 2c ). The difference of LAI in the midlatitudes of North America (30°ϳ45°N) is also significant by exhibiting positive-negative-positive patterns from the western to the eastern United States (Fig. 2c) . For the West African Monsoon (WAM) area, on the other hand, the LAI difference is relatively marginal, with values around 1 (Table 3) . Global and regional averages of the JJA2 surface temperature and precipitation between observation and model experiments are listed in Table 3 . For global averages, three experiments produce very similar results. The TABLE experiment exhibits slightly cold and wet biases compared to the observation, with the differences being about Ϫ0.1°C and 0.4 mm day
Ϫ1
, respectively. Both the FASIR and GIMMS experiments consistently reduce these biases (Table 3 ). The improvements in SAT are more profound than those in precipitation in global mean and three regional means (Table 3 ). The percent improvement (ϳ1%) in the simulated global mean precipitation is small compared to the 14% relative error in the TABLE experiment.
For the statistical significance test of these differences, we applied Wigley and Santer's (1990) statistical method, which employs the pool-permutation procedure (PPP). Although this method does not alter the results from the conventional t test (i.e., providing local significance level), it accounts for the effects of multiplicity and spatial autocorrelation and provides field significance level (p value). This method does not have the a priori assumption required for the conventional t test, that is, spatial and temporal independency between sample distributions, and is useful in significance testing where the number of samples is small. The applications of this method have been well demonstrated for significance on impacts of land cover change by Narisma and Pitman (2004) and of LAI change by Buermann et al. (2002) . The statistical meaning of NT5 and NT10 in Table 4 is the percent fraction of locally successful pixels from the conventional gridpoint t test for the time means between RSLAI and TABLE experiments at the 5% and 10% levels, respectively. The corresponding p value of NT5 and NT10 indicates the probability of obtaining the local t value by chance. A p value close to zero would indicate a significant result. For example, if p Յ 0.05, the difference is statistically significant at the 95% confidence level. Table 4 shows that the improvements in SAT shown in Table 3 are statistically significant at the 5% and 10% levels over 16%-19% and 24%-28% of all global land points, respectively. In addition, p values of these statistics for SAT give significant results at the 1%-3% level, which is a clear indication that NT5 and NT10 are more reliable than one would expect to occur by chance. Table 4 also shows that the improvements of precipitation are statistically significant at the 5% and 10% levels over 6%-8% and 12%-14% of total land grid points, respectively, and their p values are also significant within the 10% significance level.
The fraction values of NT10 for SAT and precipitation in Table 4 are comparable with the results from (Table 4 ). The fraction values are much larger than the ones for latitudinal bands shown in Buermann et al. (2001) . These regional significances are meaningful except for the SAT in West Africa and precipitation in East Asia, which will be discussed in the following sections.
Because the results from GIMMS are similar to FASIR, the analyses of the model results in the following sections are focused on the comparison between the TABLE and FASIR experiments.
2) REGIONAL PRECIPITATION
The summer precipitation of East Asia and Africa is strongly controlled by the monsoon system, which is caused by the thermal contrast between land and ocean including nonlinear interactions among land, ocean, and atmosphere. Xue et al. (2004) investigated the role of VBP in EAM and WAM regions and had proposed that the perturbations induced by VBP are important for not only the intensity and evolution of the summer monsoon system but also for their spatial precipitation distribution and atmospheric circulation at the continental scales.
The precipitation differences between the observations and the TABLE experiment, as well as between the TABLE and FASIR experiments, are shown in Fig.  4 . In spite of general agreement in the spatial pattern of global precipitation between the observation and the TABLE experiment (not shown), the simulated precipitation at regional scales exhibits substantial discrepancies from observation. In the East Asian region, the main deficiencies in the TABLE experiment are strong precipitation in the East Asian continent, weak precipitation in the west part of the northern Pacific ("plum," rainfall band of East Asia, and near the Korean Peninsula and Japan), and too strong monsoon precipitation over the South China Sea and part of the Bay of Bengal (Fig. 4a) . These disagreements were also found in the simulation of the 1987 summer monsoon case using the NCEP GCM (Xue et al. 2004 ). The FASIR experiment brings improvements of the simulated precipitation by reducing rainfall amounts from the South China Sea to northeastern China (Fig. 4b) , which corresponds well to the LAI differences between the TABLE and FASIR experiments. It also reduces the precipitation biases over parts of the west Pacific Ocean and Indian Ocean. However, the FASIR experiment produces more precipitation in the regions of north- eastern India, central China (west to 110°E), and Mongolia. By and large, the simulation over East Asia is improved (Table 3) . However, despite clear spatial patterns of precipitation differences consistent with the LAI differences and more than a 17% fraction of successful grids from the local t test at the 10% level, changes in the simulated precipitation in this area do not provide strong confidence in their significance (Table 4 ). The spatial distributions of both the precipitation difference and its significance are quite consistent with those of vertically integrated moisture flux convergence (VIMC) and vertical motion in this region (not shown). In central China, both LAI and evaporation are decreased in the FASIR experiment (note that the change in evaporation is statistically significant; Table 4 , Fig. 6a) ; the rainfall, however, is increased. It seems the local effect is diluted via complex processes of land-atmosphere-ocean interactions in the strong monsoon system.
In the North American region, the simulated precipitation in the TABLE experiment is overestimated in the northwestern, northeastern, and southern coast regions of the continent including the adjacent Atlantic Ocean. Meanwhile, moderate underestimation of the simulated precipitation by about 1ϳ2 mm day Ϫ1 appears in the midlatitudes of North America, which include the North American Monsoon (NAM) area and Great Plains (Fig. 4c) . Because the intensity of the NAM system is relatively weak compared to the EAM, the response of the precipitation to the local LAI changes in the FASIR experiment in the North American region is more interpretable than in the East Asian region. The smaller LAI values of the FASIR dataset in boreal forests north of 45°N lead to the reduction of overestimated precipitation by the TABLE experiment (Fig. 4d) . The slightly larger LAI values in the midlatitudinal midwestern United States play a role in increasing precipitation in this area. In both areas, the FASIR experiment improves the simulated precipitation with the significance at a 10% level. There are a few regions that show the deterioration of the simulated precipitation over land such as the eastern and southeastern United States. These changes, however, are also consistent with the LAI changes; that is, the larger (smaller) LAI values of the FASIR dataset in the eastern (southeastern) U.S. region lead to an increase (decrease) in precipitation. NT5 and NT10, for the simulated precipitation in the northwestern U.S. region, show the improvement at about 4% and 9% significance levels, respectively (Table 4) .
Despite the relatively small LAI differences in the West African region between 5°and 17°N, the magnitude of the response to the simulated precipitation and its significance are comparable to the other regions (Figs. 4e,f; Table 4 ). In the TABLE experiment, the dry bias is shown along a latitudinal band between the equator and 10°N (which is elongated from the eastern Atlantic Ocean to 25°E) and wet bias in the mountainous regions in the northeast (Fig. 4e) . The increased precipitation (by about 1-2 mm day Ϫ1 ) in the FASIR experiment reduces dry biases in West Africa but enhances wet biases in the eastern Sahel (Fig. 4f) . Furthermore, the precipitation increase in the FASIR experiment is concentrated between 11°and 17°N [hereafter referred to as the northern part of the Sahel (NSHL)], which has smaller LAI values than its southern area between 5°and 11°N [hereafter referred to as the southern part of the Sahel (SSHL)]. It should be recognized that not only LAI but also other surface properties such as VCF, green fraction, and roughness length are changed in the FASIR experiment. We will give more detailed discussions on mechanisms in section 4.
3) REGIONAL SURFACE AIR TEMPERATURE
The simulations in the FASIR and GIMMS experiments reduce cold biases of the SAT for the East Asia and northwest U.S. regions and warm biases for the West African region in the TABLE experiment (Table  3 ). Figure 5 shows the differences of SAT between observation and the TABLE experiments (TABLE Ϫ observation) and between the FASIR and TABLE experiments (FASIR Ϫ TABLE) during JJA2. In this comparison, the difference of elevation between station measurement and model topography is corrected with the lapse rate of standard atmosphere, that is, Ϫ6.5°C km Ϫ1 (Xue et al. 1996) . The TABLE experiment produces cold biases in most parts of China and the Tibetan Plateau and warm biases in the other regions (Fig. 5a ). The maximum of the cold biases is greater than 4°C over the Tibetan Plateau. Because of the smaller LAI values in the FASIR experiment, the SAT simulated by the FASIR experiment (Fig. 5b) is increased more than 0.5°C compared to the TABLE experiment in most parts of East Asia, which is statistically significant at a 90% confidence level. The increase of temperature in the FASIR experiment reduces the cold biases of the TABLE experiment in the Tibetan Plateau and eastern China (east of 110°E) while it aggravates warm biases in other regions such as India and northeastern China. Over eastern China, which is the major monsoon region, the fraction values for NT5 and NT10 are greater than 56% and 63%, respectively, with the p values close to zero (Table 4) giving a robust confidence on the significance of the improvements in the SAT simulation. The patterns of temperature dif-ferences and the area with a significance level higher than 90% correspond well to the larger LAI difference areas between the FASIR and TABLE experiments. For instance, the smaller LAI values in the FASIR experiment along the coast of eastern China and the southern flank of the Tibetan Plateau produce temperature increase patterns in these regions. Also, in the areas with small changes in LAI such as western China and Mongolia, the SAT difference was small, less than 0.5°C. Despite the deterioration of SAT in the FASIR experiment over India by enhanced warm bias, it is also consistent with the smaller LAI values in FASIR dataset. It is likely that the model deficiency and/or contamination of the remote sensing data play a role in the simulation problem. The FASIR-LAI values in this region are less than 1 in both MAM and JJA (Figs. 1a, 2a) .
In North America, the TABLE experiment shows significant warm biases in most U.S. regions except for the western coastal area (Fig. 5c) . The center of these warm biases is located over the Great Plains with the maximum value greater than 6°C. Changes in the simulated temperature by the FASIR experiment roughly correspond to the LAI differences (Fig. 5d) . The smaller LAI values in the FASIR experiment in boreal forests north of 45°N lead to the increase of surface temperature, and larger LAI values in the eastern United States result in a decrease in temperature in this region. In addition, in the monsoon region over the Midwest United States, the simulated SAT is decreased because of the increase in evapotranspiration from the surface, which also corresponds to the larger LAI values in the FASIR experiment than in TABLE. Contrary to the relatively large and significant changes in the simulated precipitation over the Sahel, differences in the simulated SAT between the FASIR and TABLE experiments are marginal and less significant ( Fig. 5f ; Table 4 ). The SAT decrease in this region is consistent with the precipitation increases.
By and large, the magnitude of SAT differences between the TABLE and RSLAI experiments has the same sign comparable to that of biases of the TABLE experiment, which means the RSLAI experiments produce the SAT closer to the observation (Table 3) . A statistical significance test gives confidence in these improvements in the SAT for East Asia and the northwest United States but a certain doubt for West Africa due to the smaller differences (Table 4 ). The changes in precipitation, SAT, and LAI in East Asia and North America correspond well to each other. As such, the RSLAI experiment reduces wet biases in East Asia and the northwest United States and dry biases in West Africa (Fig. 4) .
4) SURFACE ENERGY BUDGET
This section discusses the possible mechanisms that produce the precipitation and temperature changes. We will mainly focus on the surface energy budget, on which the surface vegetation properties have the most impact. Table 5 shows differences in near-surface climate variables between the FASIR and TABLE experiments for a few typical vegetation types in East   TABLE 5. JJA2 differences of near-surface variables between FASIR and TABLE experiments (FASIR Ϫ TABLE) . NSHL and SSHL indicate northern and southern parts of the Sahel region, respectively. Vegetation types 12, 4, 9, and 6 are crops, needleleaf evergreen trees, shrubs with bare soil, and savanna, respectively. Note: SWR ϵ shortwave radiation, and LWR ϵ longwave radiation.
Variable names Unit
Differences (FASIR Ϫ North America, improvements of the simulated nearsurface climate in the FASIR experiment in these regions are mainly induced by the VBP that play an important role in partitioning surface available energy into sensible and latent heat fluxes. Figure 6 shows the spatial distribution of surface latent heat flux difference between the FASIR and TABLE experiments. The decrease in JJA2 latent heat flux over East Asia (Fig. 6a ) and the boreal forests of North America (Fig. 6b) is evident, which corresponds well to the smaller LAI values in the FASIR experiments compared to the TABLE experiments (Fig. 2c) . The latent heat flux over the Midwest and eastern U.S. regions is increased in the FASIR experiment because of the larger LAI values. Furthermore, these spatial patterns of LAI and latent heat fluxes are consistent with those of precipitation (Fig. 4d) , which clearly indicates the role of VBP in modulating the precipitation. For the Sahel region in Africa, it is interesting to note that significant impacts of surface vegetation on the simulated latent heat flux (Fig. 6c) and precipitation ( Fig. 4f ) appear in NSHL, where the LAI difference between the two experiments is small, rather than in SSHL. As presented earlier, in addition to LAI, some other vegetation properties are also changed in the FA-SIR experiment. The difference of VCF between the FASIR and TABLE experiments is shown in Fig. 7a . In most regions of Africa except for the tropical rain forest, desert, and east coast areas, the VCF in the FASIR experiments is larger than that of the TABLE experiment. In the NSHL region, the increased VCF (and LAI with small magnitude) in the FASIR experiment (compared to the TABLE) decreases surface albedo and consequently produces higher net radiation of about 12 W m
Ϫ2
, which contributes to high latent heat flux. Meanwhile, in SSHL, changes in surface albedo are very small (about 1%) because of the compensation between the reduction in LAI and increase in VCF (Fig. 7a) for the FASIR experiment, which makes small changes in surface net radiation, about 5 W m Ϫ2 ( Fig.   7b ; Table 5 ). The reduction of latent heat flux in parts of SSHL (Fig. 7c) is consistent with the lower LAI ( Table 5 ).
The direction of changes in latent and sensible heat fluxes over both SSHL and NSHL regions is consistent with the changes in precipitation and surface temperature, that is, increased (decreased) precipitation and cooler (warmer) temperature in the NSHL (SSHL) region (Table 5 ) compared to TABLE. Despite the comparable magnitude of the changes in latent heat flux of about 16 W m Ϫ2 with opposite signs, the impacts on surface temperature and precipitation are more discernable in NSHL than in SSHL, which is associated with the changes in atmospheric circulation. Clark et al. (2001) explored the regional dependence of VBP impact on climate and found that the northern Sahel (i.e., NSHL in this study) was one of two areas in northern Africa where VBP had the most significant impacts on regional precipitation. The Sahel region study of Xue (1997) indicated that less vegetation and high albedo there would induce lower net radiation and less evapotranspiration; less moisture was transferred to the atmosphere through the boundary layer. This resulted in less convection and lower atmospheric latent heating rates. The reduced total diabatic heating rate in the atmosphere was associated with relative subsidence, less moisture flux convergence, and lower rainfall. These changes further reduced the evapotranspiration, producing a positive feedback. In this case, the higher VCF in the FASIR experiment also produces a similar positive feedback with more precipitation. The net radiation is higher (Fig. 7b) , and the VIMC, which is the main source for the Sahelian precipitation, in the NSHL region shows a clearly consistent pattern with the increase in precipitation (Figs. 4f and 7c) in the FASIR experiment. The magnitude of the VIMC difference is more than 1.2 mm day
Ϫ1
, which is comparable to changes of precipitation. The relative rising and strong westerly monsoon flow are produced in the NSHL region (around 10°N) throughout the depth of the troposphere (Fig. 8) . These features are similar to the desertification experiment of Xue (1997) , but with the opposite direction. Therefore, the land surface/ atmosphere interactive feedback processes cause the increase of precipitation in NSHL. Meanwhile, affected by the relative rising motion over NSHL, the relative vertical motion over the SSHL region transfers from rising to subsidence (Fig. 8b) . The overall VIMC has little change, and precipitation change is also small in this region (Table 5 ). 
5) REGIONAL SAT FOR THE BOREAL SPRING (MAM2)
Since the differences in LAI values between FASIR and TABLE datasets are substantial in East Asia and North America (Fig. 1) , we present the SAT simulation results during the second boreal spring (MAM2) in these two regions (Fig. 9) . The results of the precipitation are not shown because the MAM is not the major rainy season there, so its changes in this season are limited. Overall, the smaller values in the FASIR-LAI dataset contribute to an increase in SAT both in East Asia and the boreal forests in North America, which is consistent with the results from JJA2 but with relatively weak significance due to the smaller differences compared to those of JJA2. An increase in SAT results in improvements of the simulation results for most areas in China except for southeastern China, Indochina, and west to Mongolia (Fig. 9b) , as well as the western United States (Fig. 9d) , while it deteriorates results for southeastern China and northeastern India. In spite of weak magnitude and its significance, the consistent response of the simulated SAT to the LAI difference appears in the eastern United States (see Figs. 1c, 9d) . It is also worth noting that the increases in cold bias near Mongolia and northeastern China (Fig. 9b) are associated with higher VCF in the FASIR dataset in this region. By and large, model results for the boreal spring season are consistent with those of summer but with smaller impacts.
Discussion and summary
Since the launch of AVHRR on board National Oceanic and Atmospheric Administration satellite series, there have been numerous studies that retrieve NDVI and LAI from AVHRR measurements and evaluate their quality by recognizing signals and noise. This study assesses the impact of two different RSLAI datasets on a GCM's seasonal climate simulation as well as the mechanism that leads to the improvement in simulations over several regions.
Based on the analyses of these two RSLAI datasets for 17 yr from 1982 to 1998, their spatial distribution patterns and characteristics are discussed. The FASIR-LAI values are generally larger than GIMMSBU-LAI, which is consistent with the previous results by Buermann et al. (2002) . In addition, notable disagreements exist between these two datasets in terms of the magnitude of long-term trend and interannual variability. Retrieval algorithms and atmospheric correction methods have been identified as major reasons for uncertainties in the satellite-retrieved estimate (Gutman 1999) . These RSLAIs are compared with the ORNL field measurements archive for a few selected sites. Although both RSLAI datasets are closer to ORNL's field measurements than TABLE-LAI, the comparison does not allow the identification of which RSLAI dataset is superior to the other. Further investigation by comparison between satellite products and ground measurements is necessary, with careful consideration of the scale dependency issue.
We performed a 20-month-long control run with the prescribed LAI values from the SSiBv1 lookup table and two sensitivity runs with the GIMMSBU-and FASIR-LAI values for 6 ENSO years. Between sensitivity runs, other surface properties including VCF, green fraction, and roughness length are derived from FASIR datasets in order to isolate the LAI effect. Regional differences in the simulated near-surface climates between the GIMMS and FASIR experiments indicate systematic and consistent responses according to the differences in LAI for tall forest types, that is, warming and decrease of precipitation due to the smaller LAI values in the GIMMS experiment compared to the FASIR experiment. However, despite the discrepancies between FASIR-and GIMMSBU-LAI datasets, the differences generally do not cause significant changes in the simulated near-surface climate. This conclusion has important implications for the end users who are going to use RSLAI estimates as a surface boundary forcing of their climate models.
The GCM experiment using the RSLAI and other satellite-derived land surface products shows substantial improvements of the near-surface climate in the East Asia and West Africa summer monsoon areas and boreal forests of North America compared to the control experiment, in which vegetation parameter values mainly based on ground surveys are used. In this study, we focus on the mechanism of RSLAI bringing improvements in seasonal climate simulations for the regions of East Asia, North America, and West Africa. The reduced LAI signal in the East Asian summer monsoon areas and boreal forests of North America leads to increases in surface temperature and decreases in precipitation, which consistently improve the simulated climate compared to the control runs. In these regions, changes in net radiative energy at the surface in the FASIR experiment are only 2ϳ6 W m
Ϫ2
, which correspond to 1%ϳ3% changes compared to the TABLE experiment, while the decrease in latent heat flux due to reduced LAI values is about 10ϳ20 W m Ϫ2 , which is more than 15%. Therefore, improvements of the simulated climate in the FASIR experiment are highly associated with the VBP that plays an important role in partitioning surface available radiation energy into sensible and latent heat fluxes. The changes of atmospheric circulation induced by surface fluxes play a major role in modulating near-surface climate in the Sahel region, especially for the semiarid NSHL, where the LAI is not different between the FASIR and TABLE experiments, but VCF change-induced lower albedo leads to high net radiation, relative rising vertical motion, and moisture flux convergence in the FASIR experiment. The spatial pattern of near-surface climate changes exhibits a consistent pattern of VIMC. In NSHL, the increase in precipitation due to the change in atmospheric circulation results in an increase of latent heat flux and produces a positive feedback.
A comprehensive statistic method (Wigley and Santer 1990) has been introduced to evaluate the model results. A significance test gives confidence on the improvements in the simulated climate for the FASIR experiment compared to the TABLE experiment, not only at the global but also at the regional scale. Weak significance for the precipitation in East Asia and SAT in West Africa is identified and may be caused by the complex land-atmosphere-ocean interaction of the strong monsoon system and changes in local circulation, respectively. It is interesting to note that although FIG. 9 . As in Fig. 5 except for MAM2.
the differences between GIMMSBU-and FASIR-LAIs and between FASIR-and TABLE-LAIs both cover large spatial areas (Figs. 2b,c) , the former difference does not yield a significant difference in simulated precipitation and surface air temperature, while the latter does. As emphasized earlier, in the first set of experiments (i.e., GIMMSBU-LAI and FASIR-LAI comparison), LAI is the only variable being tested. In the second set of experiments, not only LAI but also VCF and other variables are tested. Another possible cause is the magnitude of the LAI differences shown in Figs. 2b,c. In Fig. 2b , most differences are less than 2, with the average around 1 over the boreal forests (Table 2) , while in Fig. 2c , the areas with significant differences in simulated surface climate have LAI differences larger than 2. Table 5 shows that the differences for East Asia and North America are around 4.
Based on results of this study, when other surface properties are the same, it may be necessary to have the LAI difference larger than around 1-2 to obtain significant climate impact in this GCM. Another study (Guillevic et al. 2002) , which used the National Aeronautics and Space Administration (NASA) Seasonalto-Interannual Prediction Project atmospheric GCM and an earlier version of ISLSCP II RSLAI from 1982 to 1990, investigated the sensitivity of the simulated climate to the interannual variability of LAI. The results showed that although variations in vegetation properties influenced transpiration and interception loss in the GCM runs, their impact on large-scale regional climate is much weaker because the impact is drowned out by atmospheric variability. After carefully checking the magnitude of LAI fluctuation at a regional scale in their runs, we found that the LAI variation range in their study is less than 1 during 9 yr from 1982 to 1990. Therefore, the LAI impact in their GCM on the climate variability is consistent with our results.
Since the launch of the Earth Observing System (EOS) satellite Terra, the use of Moderate Resolution Imaging Spectroradiometer's (MODIS) vegetation products has been rapidly increased during the last several years. Although the MODIS dataset has been considered to show better quality than AVHRR, which was explicitly designed for land application (Tian et al. 2004b) , because of the narrower spectral bands among other things, the MODIS LAI was not used in this study because of the shorter period. Meanwhile, Gallo et al. (2004) reported that the MODIS and AVHRR NDVI values from 16-day composites were quite similar to each other when sampled over similar time intervals, spatial areas, and land cover types. More simulations with different models and RSLAI estimates are necessary to further evaluate the climate sensitivity to LAI uncertainties and variability.
